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Introduction
It has been observed clinically that extracts of several selenium-enriched biological materials have cancer-preventive effects, tentatively attributable to the biological functions of w x selenoamino acids 1᎐3 . Numerous organoselenium compounds have been identified in biological samples. In organisms such as marine bacteria and plankton, selenium exists predomiw x nantly as selenoamino acids in proteins 4 . In other organisms selenium may occur in a nonprotein form, non-covalently associated with proteins. Several biochemical cycles which link inorganic selenium compounds with simple methylated, and more complex organic selenium comw x pounds, have been proposed 5,6 . People are exposed to selenium mainly through their diet. Selenoamino acids are the principle dietary form of selenium, being absorbed to a greater extent than inorganic species. The major Ž compounds are selenomethionine found in plants . such as soybean, wheat and yeast and selenocys-Ž . teine present in animal proteins . Selenocystine was identified in corn, and some methylated Ž derivatives selenocystathionine, selenohomocys-. teine were reported in selenium-accumulating w x plants 7,8 . Free selenomethionine and selenized yeast are present in the formulation of several nutritional supplements. Dietary selenium supplementation is a popular health fad, with largely unsubstantiated claims being made for the prevention of angina, arthritis, cerebrovascular disease, aging, infections, infertility, and so forth. There is a need for more reliable methods to determine different selenium species, thus increasing the understanding of their biochemical pathways and plant metabolism.
When chromatographic separation is used, analytes must be extracted from any solid samples prior to the identification and determination of the selenium species. Free selenoamino acids can be extracted with water, whereas hydrolysis is necessary for selenoamino acids incorporated into protein.
Hydrolysis is commonly performed using 6 M HCl at 110ЊC, but degradation of selenium compounds has already been noted upon using w x this procedure 9 . Enzymatic hydrolysis, using 'Protease XIV', leads to improved extraction efficiencies compared to simple water extraction w x 7 . We have reported on the extraction of selenium compounds and examination of the selenium mass balance throughout the extraction w x procedure 6 .
The determination of selenium species by high Ž . performance liquid chromatography HPLC offers a number of potential benefits. These include minimal preparation of liquid samples, and separation at ambient temperatures, thus avoiding the risk of thermal decomposition of labile compounds. Selenium species have been separated by several chromatographic modes, including normal-and reversed-phase partitioning, ionw x pairing and ion-exchange 7,10᎐13 . Reversed phase chromatography is often used with ion-pairw x ing reagents 7,14᎐16 .
Current HPLC methodology for selenium comw x w x pounds employs electrochemical 17 , UV 10 , w x fluorometric 18 , or atomic spectroscopic detecw x tion 7,11,19 . The first three detection methods suffer from numerous interferences from the sample and reagents. The application of selenium-specific spectroscopic detectors such as Ž . w x atomic absorption spectroscopy AAS 7 , inductively coupled plasma᎐optical emission spectros-Ž . w x copy ICP-OES 11 , and inductively coupled Ž . w x plasma-mass spectrometry ICP-MS 19 are helpful in eliminating these interferences.
The HPLC-ICP-MS connection is very simple, as the LC eluent is simply coupled to the nebulizer of the plasma source. In the optimization of a chromatographic method, an important requirement is to minimize extra-column broadening. The sample introduction device of an atomic spectroscopic detector is responsible for the majority of the extra-column broadening due to its substantial dead volume resulting in loss of resolution. A more suitable interface is needed in order to achieve higher separation efficiency. This high efficiency coupling can be done using direct w x injection nebulizers 20,21 . The price of these devices and the necessary changes in HPLC hard-Ž ware low flow pump, micro-injection valve, nar-. row bore column precludes their widespread use. The sub-optimal approach is the use of miniaturw x ized spray chambers 22 . The transport efficiencies of a double pass spray chamber with different cyclone type spray chambers were compared by w x Rivas et al. 23 . In the study described herein, we have used a miniaturized spray chamber with an impact bead design as an alternative to the double pass spray chamber supplied with the ICP-MS instrument.
A plasma source mass spectrometer as an HPLC detector imposes limitations on the performance of the method. The viable organic solvent content of the mobile phase is limited unless solvent removal is used. However, since solventremoving devices may cause peak broadening, they are best avoided. The practical limit for methanol in the mobile phase was found to be 5% under which condition the PE-Elan 5000 instrument can run for an extended period without undue contamination. In general, the organic content of the mobile phase should be at the viable chromatographic minimum.
Molecular mass spectroscopy of amino acids is w x the subject of extensive publication 24,25 . In recent years the focus of research has been on peptides and their composition, with few investigators studying the fragmentation properties of single amino acids. Selenoamino acids have been w x examined by MS 26᎐28 , but the use of the electrospray᎐ion trap combination for such studies has not been reported.
Experimental

Instrumentation
An Elan 5000 inductively coupled plasma mass Ž spectrometer Perkin-Elmer Sciex, Thornhill, . Ontario, Canada was used for total selenium determination and as the detector for HPLC-ICP-MS. Samples were introduced using a cross flow nebulizer with a Scott type double pass spray chamber, or a Meinhard nebulizer with two different spray chambers containing impact beads made in house. The smaller of the in house fabricated spray chambers is shown in Fig. 1 . ammonia per 1000 ml mobile phase . Germanium internal standard, at 25 ngrml concentration was also added to the mobile phase. The mobile phase flow rate was 1.0 mlrmin and the sample injection volume was 10 l.
A Bruker Esquire-LC Mass Spectrometer ŽBruker-Franzen Analytik Gmbh, Bremen, Ger-. many was used for the molecular mass spectral studies. For the analysis of standard materials, the samples were infused to the electrospray ion-Ž . ization ESI source at a flow rate of 1᎐2 lrmin. For HPLC-MS analysis the flow rate was decreased from the original 1 mlrmin LC flow rate to 0.5 mlrmin. For the MS analysis only the Symmetry Shield column was used with a 20-l injection loop. The column was connected to the ᮋ Ž ESI source with PEEK tubing 8 cm = 0.25 mm . i.d. . Mass calibration and the optimization of the operating parameters were done daily and generally followed the manufacturer's guidelines. was used as a stock solution of selenite. All solutions were stored in the dark at 0᎐4ЊC.
Chemicals
Ž
Sample preparation
Total selenium determination and extractions
The determination of total selenium and efficiencies of enzymatic and hot water extractions for ICP-MS analysis followed the procedures w x reported earlier 6 , and they are only briefly summarized here.
For the total selenium determination 0.1᎐0.2 g of sample was measured into a microwave vessel. Ž . Distilled concentrated HNO 5 ml and 1 ml 2.5 3 grg Ge internal standard were added to each sample, then the vessels were covered and left overnight. The next day 2 ml concentrated H O 2 2 and 2 ml water was added to the sample which was then digested using a high-pressure closedvessel microwave digestion system. The digested samples were transferred to 50-ml centrifuge tubes and diluted with 18 M⍀ water to 25 ml total volume. Selenium was determined in the resulting solutions by the method of standard additions.
For the hot water extraction, 5 ml distilled de-ionized water was added to 0.2 g sample in a 15-ml centrifuge tube and the tube was placed in a double-boiling water bath for 1 h. The mix was shaken well every 15 min. For the enzymatic extraction, 5 ml distilled de-ionized water was added to 0.2 g sample and 0.02 g 'Protease XIV' enzyme in a 15-ml centrifuge tube, then the mixture was shaken for 24 h at room temperature. After the extraction the samples were centrifuged and filtered.
Preparation of standards for MS analysis
Standard solid materials were dissolved in a Ž . 48.5r48.5r3 vrv methanolrwaterracetic acid mixture. From the solutions, which were already in 0.2% HCl, 1 ml was dried under vacuum, and then dissolved in the methanolrwaterracetic acid mixture. Solutions were also prepared by simply diluting the 0.2% HCl solution twofold with 94r6 Ž . vrv methanolracetic acid solution. The injected selenium standards were in the 10᎐100 grml range.
Chromatographic experiments
Spray chamber modification
The effect of spray chamber design on the resolution of early eluting peaks in a standard chromatogram was studied. The spray chamber volume was decreased from 97 ml to 14 ml in two Ž . steps. The resolution R was calculated using Peakfit TM software.
Chromatographic conditions
The effect on the chromatographic separation of selenium-containing molecules due to changes in stationary phase, ion-pairing concentration, methanol content, and pH control by ammonia addition, was studied. The TFA concentration Ž . was varied in the range of 0.1᎐0.6% vrv . The methanol concentration was varied between 5 and Ž . 1% vrv . The pH was adjusted between 1.86 and 2.24.
Calibration
Calibration curves for different selenoamino acids were recorded and the role of germanium as an internal standard in the mobile phase was explored. Five-point calibration curves with four replicates per point were prepared for seven selenoamino acid standards. Selenoamino acid standard concentrations ranged from 140 ngrml to 10 grml selenium. Calibrations curves were obtained by plotting integrated peak areas vs. selenium concentration. The 95% confidence in-Ž . tervals n y 2 degrees of freedom were calculated from the standard error of the slope and standard error of the intercept. Curves were fit using Statview 4.5 software. Integration and other chromatographic calculations were done using Peakfit TM software. Separate peak height based calibration curves were used to calculate instru-Ž . mental limits of detection LOD and limits of Ž . quantification LOQ by plotting peak heights vs. selenium concentration.
Sample analysis by HPLC-ICP-MS
Natural sample extracts were analyzed using HPLC-ICP-MS after hot water or enzymatic extractions. Integration and other chromatographic calculations were done using Peakfit TM software. The " intervals reflect 95% confidence intervals based on 3᎐5 measurements. Column recovery percentages were calculated by dividing the total area of the chromatogram by the flow Ž . injection peak area for the same sample n s 3 .
Standard analysis by ESI-MS and HPLC-ESI-MS
ESI-MS was used to study fragmentation properties of standard selenoamino acids and HPLC-ESI-MS was used to record chromatograms of standard mixtures. The main drawback with ESI-MS has proven to be limited sensitivity; the ESI-MS exhibiting 2᎐3 orders of magnitude less sensitivity than the ICP-MS.
Results and discussion
Chromatographic impro¨ements due to spray chamber design
The original double pass spray chamber had an internal volume of 97 ml, which causes considerable extra column broadening. For this experiment, impact bead type spray chambers were chosen. As a first step, the length was decreased to 8.4 cm and the internal volume to 34 ml. In a second step, the internal volume was further decreased to 14 ml. The 14-ml final internal volume was considered to be close to the practical limit, since drop formation, blockage of the outlet tube, and a consequent pulsation in the signal was observed if the spray chamber was not positioned perfectly. Similar conclusions were drawn by Wu and Taylor, regarding the volume of spray w x chambers 29,30 . The chromatographic outcome of this experiment is shown in Fig. 2 . The resolution values are shown in the figure between the respective peaks. The resolutions between the 1st and 2nd and between the 2nd and 3rd peaks obtained with the smaller impact bead spray chamber were double those obtained with the double pass spray chamber.
Chromatographic impro¨ements due to mobile phase and column modifications
Chromatographic conditions reported earlier w x for this application had some disadvantages 15 . The separation power at the beginning of the Ž chromatogram was less than adequate see Fig.   . 
.
Thus the resolution and identification of early eluting peaks was not possible, particularly whenever one of them had a relatively higher concentration than the others. Since the beginning of the chromatogram is typically very crowded, important information could have been lost. The other major disadvantage was the low recovery of inorganic selenium compounds from the column, this being attributed to the interaction between the free silanol groups and the negatively charged selenium compounds. Under the original conditions, the pH resulting from the 0.1% TFA was 1.86. At that pH, selenate exists with equal amounts of doubly and singly charged species w Ž .
Decrease of the interaction between the inorganic compounds and the mobile phase was achieved by changing the stationary phase from a standard C-8 to the Waters Symmetry Shield modified C-8 phase. This reversed phase material Ž is prepared by bonding of silica with 3-chlorodi-. w x methylsilyl propyl N-octylcarbamate 31 . The octylcarbamate phase shows reduced retention for polar and basic compounds because of the embedded carbamate group's weakening of the interaction between unbonded silanols and the analyte. The introduction of NH OH to the 4 mobile phase has a double advantage. The presence of hydroxide ions increases the pH, allowing an increase in TFA concentration. The higher TFA concentration results in stronger ion pairing, moving the first organic selenium compound away from the inorganic peaks. The introduction of cations to decrease the silanol effect is a wellknown procedure. In this case the ammonia made a perfect match, since it did not introduce unnecessary anions. The use of NH OH over NaOH is 4 preferred because the former is more volatile. Fig. 3a shows the column recovery relationship of selenate and selenite over three orders of magnitude concentration range. Fig. 3b shows the chromatogram of a 100-ngrml selenate ᎐selenite mix Ž . Inorganic standards at this concentration were not detectable using the earlier ion pairing method. Quantitative determination of these peaks is feasible due to the logarithmic nature of the recovery plot. From the SrN ratio of the response to the 100 ngrml it is estimated that a 20-ngrml standard could be quantified.
Another advantage of using the Waters Symmetry column with the modified mobile phase was the decreased retention times. The retention time of the last peak in the same standard mixture, compared with that obtained with the Zorbax column decreased from 21 to 15.5 min, increasing its capacity factor from 12 to 14.5. These seemingly opposite effects were due to two factors. Firstly, the void volume of the column decreased from 1.5 ml to 1 ml, as a result of decreased Ž . diameter from 4.6 to 3.9 mm . This change would result in no capacity factor changes but a 30% decrease in retention times. The increase in capacity factors indicated that the Waters column was more retentive, attributable to a change in partition coefficient. Use of the modified mobile phase with the Zorbax column resulted in early separation efficiencies similar to those of the Symmetry column, but the retention time of the last eluting standard peak was 30 min and its capacity factor was 18. An additional advantage of the Symmetry column is the possibility of using a mobile phase with 1% methanol content without the stationary phase physically collapsing. This is possible because of the polar modifier group, which connects the C-8 group with the silica base w x 31 . The minimized methanol content decreased the organic load on the ICP-MS, increasing its maintenance-free running time. For conventional ICP-MS operation, the TFA and the ammonia content of the mobile phase may seem high, but there was no observable salt deposition on the interface sample cones, due to the volatile nature of these compounds. Fig. 4 shows the comparison between the first four peaks of the standard mix- Ž . x with 0.6% pH set to 2 with NH OH as mobile phase lower conditions: 1, selenate; 2, selenite; 3, DL-selenocystine; 4, ture under the original and the modified conditions, including both chromatographic and spray chamber changes. It clearly shows the improvement under the modified conditions. The selenate and selenite are almost baseline separated from each other, and removed from the vicinity of the first selenoamino acid peak. This separation makes possible the determination of inorganic and organic molecules using the same chromatographic method, even when one of the early compounds is present in considerable excess.
The last, and distinctive, modification made to the method was the introduction of germanium as internal standard to the mobile phase, which had effect only on the stability of the instrument's calibration and not on the chromatographic separation. Thus the parameter monitored was not the intensity at m r z s 82, but the ratio of the intensities at m r z s 82 and 72. Table 1 shows the calibration properties of seven different selenoamino acids. All of the selenoamino acids calibration curves were linear, Ž . with correlation coefficient r greater than 0.999 over three orders of magnitude, which was the range investigated. Comparison of 95% confi-Ž . dence intervals n s 5 of the slopes of the selenoamino acid curves indicated significantly different responses for some of the selenoamino acids. The confidence intervals of the calibration curves of DL-selenocystine, Se-methyl-DL-selenocysteine, and Se-propyl-DL-selenocysteine showed no overlap with any other standard. The confidence intervals of the calibration curves of DLselenomethionine, Se-allyl-DL-selenocysteine, and DL-selenoethionine do overlap. The reason for these differences is unknown. The total selenium measurements of standards and the clarity of single standard injections did not indicate any discrepancies. The 95% confidence interval about the intercept included zero for all of the calibrations except those for DL-selenomethionine and DL-selenoethionine.
Unfortunately these results show that the instrument response factor for different selenoamino acids can vary by as much as 25%. Thus, internal standardization can be used only for semi-quantitative analysis. The use of the spectroscopic internal standard was important since independent calibration was used. The calibration itself took 2 h and individual measurements took anywhere between 30 and 60 min. Considering the time requirements of the calibration, it was highly desirable to keep the instrument drift and sensitivity fluctuations under control, and thus to use spectroscopic internal standardization. The internal standard could be introduced immediately before the nebulizer via a T connector, or the mobile phase itself could contain the spectroscopic internal standard. The latter method was more desirable, because it did not introduce additional column broadening and sample dilution, and could make the use of flow gradients possible. Comparison of chromatograms obtained with or without germanium in the mobile phase, indicates that there is no difference in separation or selenium signal intensity. Thus it is not necessary to have samples prepared in the mobile phase containing germanium. Signal intensities for peaks eluting in the dead volume are affected, however, if the sample was not pre- pared in the germanium-containing mobile phase, resulting in a negative peak in the germanium signal at the void volume. Thus the ratio of selenium to germanium signal for selenate eluting at the void volume would be artificially high and corrections would be necessary. Fig. 5 shows the chromatogram of the standard mixture obtained with all the modifications in the chromatographic and spectroscopic parameters. The quality of a chromatographic separation can be evaluated by capacity factors, resolution, numbers of theoretical plates and peak symmetry. Chromatographic factors for the modified method can be found in Table 2 . Capacity factors were calculated for a void volume of 1 ml, ideally capacity factors between one and ten being desirable. The inorganic species and the DL-selenocystine were insufficiently retained according to this Ž . criterion. From the chromatogram Fig. 5 it can be seen that most peaks were highly symmetrical.
Ž . The peak asymmetry values A were calculated s by Peakfit TM software using the equation: for which 'b' is the width to the left of the peak mode and 'a' is the width to the right of the peak mode, each measured at 10% peak height. The values calculated for the first three peaks indicated tailing peaks, while the remaining peaks were symmetrical. These three peaks gave inflated efficiency values due to their asymmetry when the standard equation for N was used and thus the values for them were not reported. LOD and LOQ results are shown in Table 3 . Detection and quantification limits were taken to be the concentrations corresponding to the mean of the blank plus three standard deviations of the blank, and the mean of the blank plus 10 standard deviations of the blank, respectively, as w x defined by IUPAC 32 . In the blanks, peaks were not observed, thus peak areas could not be obtained. The only measurable value was the baseline intensity and its standard deviation, which was in the units of countsrsec as for the peak heights. Consequently, peak height and not the peak area based calibrations were used for LOD and LOQ calculations. The mean and the standard deviation of the blank were calculated for 100 points of the baseline. No limits are reported for cis r trans-Se-1-propenyl-DL-selenocysteine due to degradation of the standard. All other standards showed no degradation in solution in 18 months. As expected, later eluting species had higher limits of detection and quantification, as on-column band broadening reduces the height of the later eluting peaks. The concentration limits of detection and quantification are higher than some previously reported in the literw x ature 16 . Absolute detection limits are similar to those reported, however, as other reports used injection volumes at least ten fold greater. Detection limits and quantification limits approximately three fold lower were obtained immediately after installation of a new electron multiplier detector Ž . ETP in the ICP-mass spectrometer. These improved results were due to both increased signal and decreased noise. After several weeks the limits approached the more typical values shown in Table 3 . Tables 1 and 3 contain data using the original mobile phase conditions, the modified chromatographic conditions showing similar results.
HPLC-ICP-MS analysis of samples with enriched selenium content
All samples were analyzed using the modified chromatographic conditions and most were also analyzed by comparison with the original parameters. Analyses of some of these samples by the w x original method were reported previously 6,15 . Aqueous extracts of selenium-enriched yeast samples reportedly contain compounds responsible for cancer prevention. The efficiency of water extraction is far lower than that of the enzymatic extraction, hence initial study of the latter was valuable to establish conditions. Chromatograms of different sample groups, using the modified chromatographic conditions, are shown in Fig.  6a᎐d . Qualitative and quantitative information for these samples are listed in Table 4 . The differences in extraction efficiencies are clearly seen. The resistance of the phytoplankton sample towards the enzymatic extraction is not surprising, since the skeletal matrix makes it hard to work with. The poor efficiency of the hot water extraction compared to that the enzymatic technique reflects the readier peptide bond hydrolysis action of the enzyme.
Compound identification was confirmed only for selenate, selenite, selenomethionine, and Semethyl-DL-selenocysteine. The identified and quantified compounds account for only a small Ž portion of the samples' selenium content except for the supplement that had selenite as the major . component . The total number of peaks found were 25, 22, 6, and 11 in the yeast, Astragalus praelongus, commercial nutrition supplement and phytoplankton, respectively. It was not possible to identify seleneocystine positively based solely on retention data, this being in line with other groups' w x findings for similar samples 33 .
Mass spectral analysis of standards by electrospray ion trap mass spectrometry
The lack of available standards to identify the selenium compounds with ICP-MS, based on their retention parameters, requires the use of supplementary techniques such as molecular mass spectrometry with electrospray ionization. An advantage of ICP-MS over MS is its elemental selectivity. ICP-MS analysis of complex LC eluents is relatively simple, since it can selectively detect selenium-containing molecules. Molecular MS, on the other hand, detects everything in the selected mass range, regardless of the selenium content, and yields complicated molecular structural information. Even so, in the case of selenium compounds, the profile of mass fragments containing one or two selenium atoms is recognizable from Ž . the characteristic selenium isotope ratios Fig. 7 . Before the application of HPLC-MS it was necessary to build a working knowledge of organic selenium MS using available standards. Sample electrospray spectra of some of these compounds are shown in Fig. 8a᎐d .
Molecules not containing Se᎐Se bonds show similar initial fragmentation behavior. Selenocys-Ž . tine Se᎐Se bond fragments next to one of the selenium atoms, keeping the Se᎐Se bond intact. The SeSe q ion is observable at m r z s 160. The M q1 molecular ion is usually the most abundant species. The single selenium species loses a mass 17 fragment attributable to NH . After the 3 ammonia loss, the cysteine and the methionine Also a loss of HCOOH is observable parallel with the NH loss. The introduction of double bonds 3 and side chains added interesting patterns to the fragmentation. More detailed fragmentation patterns are available for these compounds utilizing the MSrMS capability of the instrument and will w x be reported elsewhere 34 . Fig. 9b shows the mass spectra of peaks 4, 5 and 6 summed over time intervals 5.14᎐5.31, 12.75᎐ 13.11 and 18.69᎐19.08 min, respectively, background correction being also employed.
Summary
The improvements upon earlier chromatographic and hardware parameters led to much better separation power, sufficient to determine not only the later eluting compounds, but those Ž that elute closer to the dead volume even when one of those compounds is present at a much . higher concentration . This improved separation Ž . did not require extended separation times, since Se-methyl-DL-selenocysteine elutes in 2.25 instead of 3.2 min.
The presence of ammonia in the mobile phase had two advantages. It adjusted the pH to 2 allowing increased ion pairing agent concentration, and increased the recovery of the inorganic selenium compounds.
The decreased size of the spray chamber, from 97 ml to 14 ml, gave a factor of two improvement in resolution. Unfortunately the calibration curves from different selenoamino acids showed that compound independent calibration was not possible.
Analysis of the many different samples under the new parameters by HPLC-ICP-MS showed the presence of additional compounds in the earlier region of the chromatogram. Selenate, selenite, Se-methyl-DL-selenocysteine and selenomethionine were identified based on their retention indexes in the sample extracts.
The data collected with the electrospray mass spectrometer may allow the identification of unknown compounds in natural sample extracts and has already provided valuable and interesting information on the fragmentation patterns of different selenoamino acids. Compound identification in real samples using HPLC-ESI-MS could not be made at the present time due to low concentrations of the selenium compounds and interfering effect of spectra from other molecules. We continue our efforts to achieve identification of selenium compounds in selenium-enriched natural samples using organic mass spectrometry.
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